This study aims to analyze fundamental dynamical characteristics of a tilting railway vehicle using variable link mechanism for compensating both lateral acceleration that passengers feel and wheel load imbalance between inner and outer rails. Theoretical analysis is conducted to find "Perfect Tilting Condition" that is a geometric parameter set of link mechanism that can provide both zero lateral acceleration and zero wheel load imbalance simultaneously. This perfect tilting condition can be realized by changing the variable length of link mechanism so that this tilting control system is a kind of semi-active control. To change the length of link mechanism on curved section, optimal control theory is applied to the vehicle body tilting system with a newly developed variable link mechanism. From computer simulation and experiment using a scale model, it is clarified that the proposed tilting system is effective to suppress both over-centrifugal acceleration and wheel load imbalance.
Introduction
In the previous report (1) , geometric relations between the center of rotation and the center of gravity and positions of four-links were analyzed. Then equation of the pendulum motion of railway vehicle body with four-link mechanism was derived for analyzing dynamic stability and natural frequency of the pendulum motion that depends on the link parameters as well as vehicle body parameters. Using these equations, lateral acceleration acting on the vehicle floor and imbalanced wheel load between inner and outer rails were theoretically studied and the natural frequency of the pendulum motion was theoretically obtained. These geometric and dynamic models of the tilting railway vehicle using link mechanism were verified by experiment results (2) , (3) .
In this report, theoretical analysis is conducted to find "Perfect Tilting Condition" that is, a geometric parameter set of link mechanism that can provide both zero lateral acceleration and zero wheel load imbalance simultaneously. This perfect tilting condition can be realized by changing the variable length of link mechanism so that this tilting control system is a kind of semi-active control.
To realize the perfect tilting condition on curved section, feedback compensations for the variable link mechanism are applied to this tilting vehicle body system. The experimental setup that is excited by hydraulic actuators is used to simulate the dynamic characteristics of the tilting vehicle body on the curved track. Computer simulation is carried out to verify the effectiveness of this system by comparing with the experimental results.
Variable Link Mechanism
Among several tilting mechanisms developed up to now, this paper deals with the system using two links between bogie and swing bolster. Such a system used in Europe utilizes the principle of the pendulum motion, and applies the active control technique to stabilize the tilting angle of the vehicle body.
But this tilting mechanism has a fundamental problem from the viewpoint of vehicle dynamics, that is, it cannot satisfy both requirements of the lateral acceleration that passengers feel and the wheel load imbalance between inner and outer rails. It is caused by the fixed length of linkage in this system where the lateral movement of the center-of-gravity in vehicle body is determined directly corresponding to the tilting motion. When the tilting angle is large, then the center-of-gravity shifts to the outside of the curve resulting in wheel load imbalance.
In this study, a new variable link mechanism is proposed to overcome such a fundamental problem. Figure 1 shows a cross-sectional model of tilting railway vehicle using a variable link mechanism. In this figure, two links can swing around joints A and D, respectively, which are attached to the bogie. The joints B and C are attached to the swing bolster so that the vehicle body can tilt depending on the structure of the four-link mechanism.
In our proposed system, these joints are designed to move independently by using certain electrical actuators in the lateral direction so that the four-link mechanism changes. This variable mechanism can change the simultaneous center of rotation of the tilting body, and also the relative location between the center of gravity and the center of rotation. Therefore the tilting angle as well as the lateral position of the center of gravity can be controlled to a certain value by actuating the joint positions corresponding to the lateral acceleration on a curved section. Figure 2 shows the schematic feature of this link-mechanism to analyze the geometrical relations between each joint, and to develop a mathematical model by which the tilting angle and the vertical load on each joint A or D can be calculated. The over-centrifugal acceleration α u , as well as the gravity g, acts on the center of gravity G(y g ,z g ) along the both lateral and vertical axes, respectively. Introducing a point M which is the crossing point of the normal line passing the point G on the link BC, two variables r bl and r br are determined as the length between the joint B and point M, and the length between the joint C and point M, respectively. These variables are actuated by electric motors in both sides. Next, two control inputs are defined as follows;
The input u p has a role to determine the center of rotation in the vertical direction, while u m has a role to determine the lateral position of the center of gravity. Using these variables, an equation of rotational motion regarding the tilting angle θ b was derived in the previous paper (1) ;
where
where I G , m denotes the moment of inertia and the mass of the body, respectively.
Design of Tilting Controller

1 Control objectives
Control objectives in this paper are to suppress both the lateral acceleration that passengers feel and the wheel load imbalance between inner and outer rails. So two control variables are defined as follows;
( 1 ) Lateral acceleration α d along the vehicle body floor ( 2 ) The ratio of difference ∆P/P 0 between right and left vertical loads on the rails.
where 2m t denotes the bogie mass, (y t ,z t ) the locations of bogie center of gravity, and G 0 the distance between both points, respectively.
2 Linear model with two inputs
As Eqs. (2) and (4) are expressed in nonlinear form concerning the control inputs u p , u m , these should be transformed to linear form by assuming some linearization around a certain value U p0 , U m0 , respectively. The equations of motion in this case are described as the Eqs. (5), (6) and (3).
3 Linear model with a single input
This paper shows a linear model of tilting vehicle body with a single input u m , to demonstrate how to design an optimal controller for tilting vehicle body. Therefore the other input is fixed to as follows;
Then, the state equation concerning the tilting angle and the output equation concerning the lateral acceleration and d dt
4 Optimal control using LQI theory
The state space Eq. (7) and output Eq. (8) are enable to be expressed as the following forms (9) and (10).
Here is introduced the desired output value r(t), and the error between the desired and the output values are expressed as;
e(t) = r(t) − y(t)
= −y(t)
The new variable is defined as the integral of the error variable, such as follows; 
By using this new variable, the extended state space equation is derived as follow; d dt
To minimize the cost function (15), that is consisting of the errors of the lateral acceleration and the wheel load difference between right and left rails, respectively, and the control input, as follows;
the optimal controller is obtained by the following feedback compensation. Figure 4 shows the block diagram of this feedback control system for the tilting railway vehicle.
Computer Simulation
To evaluate the effectiveness of the feedback control system, computer simulation is carried out in the situation of running through the curve shown in the Fig. 5 . Table 1 shows the parameters of the curve consisting of the transition curve and the circular curve. The transition curve is designed as a sinusoidal wave for a half period. The external disturbance for the vehicle body running through the curve is given as a over-centrifugal acceleration α u which is calculated by using the parameters shown in the Table 1 , and is shown in Fig. 5 . Table 2 shows the parameters of the tilting railway vehicle model used in this study, the detail of which is described later. The weighting factors of the cost function are selected as follows; Table 1 Curvature parameters   Table 2 Vehicle parameters in laboratory Lateral acceleration α d :
The results of computer simulation are shown in Fig. 6 to 9 . The control inputs u p ,, u m , and r bl , r br are shown in Figs. 6 and 7, respectively. The results of lateral acceleration α d at the cabin floor are shown in Fig. 8 , and the wheel load ratio ∆P/P 0 are shown in Fig. 9 , comparing with the results of the vehicle without control. It is clear that the lateral acceleration is suppressed to almost zero but the wheel load ratio is not suppressed to zero at the circular curve. It is because the vehicle model used in the simulation is the nonlinear model as previously described in section 2. The fluctuation at the transition curve is not sufficiently suppressed by this feedback compensation. It should be suppressed by a sort of feed-forward compensation expressed in the first report of this study (1) . Figure 10 shows the cross-sectional feature of the experimental setup in our laboratory. As shown in Fig. 11 , the lateral force acting on the vehicle body is simulated as a lateral component of vertical gravity force by tilting the table. The scale model of the vehicle body is consisting of the body, swing bolster, bogie, and two swing links. For analyzing the tilting motion mainly, the suspension between the vehicle body and bolster are fixed in this experiment. The bottom points of the two swing links are actuated by the electric motors guided by linear guide along the bolster. The accelerometers, angle sensors, and load cells are attached to the body and the shown that the lateral acceleration is suppressed to almost zero and the wheel load ratio is also suppressed to almost zero, especially at the circular curve. Moreover it is also clearly shown that the results of experiment are almost coincident with those of simulation. Therefore it may be concluded that the proposed control system for tilting vehicle body by using variable link mechanism can realize both the requirements of the lateral acceleration and the wheel load ratio to be zero.
Experiment
Conclusions
To realize the "Perfect tilting condition" on curved section, optimal control theory using LQI regulator is applied to the tilting vehicle body system with newly developed variable link mechanism. The experimental setup that is excited by hydraulic actuators is used to simulate the dynamic characteristics of the tilting vehicle body on the curved track. Computer simulation is carried out to verify the effectiveness of this system by comparing with the experimental results. From these results it is clarified that the proposed system is effective to suppress both the over-centrifugal acceleration and wheel load imbalance.
